, and full-length CycT1 (amino acids 728) [CycT1(1-728)], but not truncated CycT1(1-303), was also phosphorylated by CDK9. P-TEFb complexes containing a catalytically inactive CDK9 mutant (D167N) bound TAR RNA weakly and independently of ATP, as did a C-terminal truncated CDK9 mutant that was catalytically active but unable to undergo autophosphorylation. Analysis of different Tat proteins revealed that the 101-amino-acid SF2 HIV-1 Tat was unable to bind TAR with CycT1(1-303) in the absence of phosphorylated CDK9, whereas unphosphorylated CDK9 strongly blocked binding of HIV-2 Tat to TAR RNA in a manner that was reversed upon autophosphorylation. Replacement of CDK9 phosphorylation sites with negatively charged residues restored binding of CycT1(1-303)-D167N-Tat, and rendered D167N a more potent inhibitor of transcription in vitro. Taken together, these results demonstrate that CDK9 phosphorylation is required for high-affinity binding of Tat-P-TEFb to TAR RNA and that the state of P-TEFb phosphorylation may regulate Tat transactivation in vivo.
Activation of human immunodeficiency virus type-1 (HIV-1) transcription by the virus-encoded transcription factor, Tat, provides an important paradigm for understanding the mechanisms that regulate transcription elongation by RNA polymerase II (RNAPII). Transcription complexes that form at the HIV-1 promoter in the absence of Tat are competent to initiate transcription but elongate inefficiently, due to the effects of negative general elongation factors (22, 50, 51, 55, 57 ; reviewed in references 16 and 56) and an inhibitory RNA structure that induces pausing of RNAPII complexes (38) . Tat functions as a promoter-specific transcription elongation factor through binding to the transactivation response element (TAR) in the 5Ј-untranslated leader of viral transcripts to stimulate processive transcription by RNAPII (for a review, see references 29 and 30) .
Tat regulates an early step in transcription elongation that requires cyclin T1 (CycT1) and CDK9 (21, 35, 40, 52, (58) (59) (60) , which are subunits of the positive transcription elongation factor P-TEFb (36) and Tat-associated kinase (21, 23, 24) complexes. CDK9 is a Cdc2-related kinase (20) that promotes general elongation of transcription at many promoters in vitro and can phosphorylate the C-terminal domain (CTD) of the largest subunit of RNAPII (9, 35, 60) . We previously cloned CycT1 as a protein that interacts strongly with the 48-aminoacid (aa) HIV-1 Tat transactivation domain in nuclear extracts and demonstrated that binding of Tat to CycT1 enhances its affinity for TAR RNA and confers a requirement for sequences in the loop of the RNA hairpin (52) . Although multiple cyclin partners for CDK9 have been identified (13, 40) , Tat functions only with CycT1 (2, 15, 53) . Biochemical studies indicate that Tat binds to the cyclin domain of CycT1 and forms a zinc-dependent complex with residues in the Tat-TAR recognition motif (2, 4, 15, 17, 18, 27) .
Several independent lines of evidence suggest that both the CycT1 and CDK9 components of P-TEFb are important for Tat transactivation. First, chemical inhibitors and dominant-negative mutants of CDK9 block Tat transactivation and HIV-1 replication in vivo (12, 21, 35, 60) . Second, removal of either CDK9 or CycT1 from HeLa nuclear extracts blocks both transcription elongation and Tat transactivation (35, 52) . Third, CycT1 is responsible for the species-specific restrictions to HIV-1 Tat transactivation in vivo. For example, HIV-1 Tat is unable to bind cooperatively with murine CycT1 to TAR RNA (3, 4, 6, 14, 18, 34) , and TAR RNA-binding and Tat transactivation could be rescued by expression of human CycT1 or a murine CycT1 protein containing a point mutation (Y261C) in the Tat-TAR recognition motif (4, 18) . Speciesspecific differences in the cyclin partners for CDK9 also underlie the failure of the equine infectious anemia virus Tat to recognize HIV-1 TAR RNA in human cells (1, 45) . Thus, the CycT1 residues that are most critical for binding to Tat and TAR are not highly conserved and therefore may not be required for cellular P-TEFb activity.
Recent studies indicate that P-TEFb functions to counteract the negative elongation factors, DSIF (DRB-sensitivity-inducing factor) and NELF (negative elongation factor) (22, 50, 51, 55) . Depletion of DSIF or NELF from nuclear extracts renders P-TEFb dispensable for elongation in vitro (51) . DSIF and NELF bind to hypophosphorylated RNAPII complexes (Pol IIa) and act at a subsequent step in elongation (51, 55) . The DSIF subunit, Spt5, was identified independently as a factor involved in HIV-1 Tat transactivation in vitro and contains several C-terminal repeats that can be phosphorylated by CDK9 in vitro (54, 55) . Hyperphosphorylation of the RNAPII CTD (Pol IIo) signals the dissociation of DSIF and NELF from the complex (51, 55) and may facilitate the binding of other elongation factors (36) and RNA-processing enzymes (11, 25) .
Genetic studies have shown that chimeric CycT1 or CDK9 proteins can activate transcription if tethered directly to nascent RNA (1, 15, 21) , indicating that the primary role of Tat and TAR is to recruit CycT1-CDK9 to RNA. CDK9 has been reported to be present, but inactive, in preinitiation complexes (26, 32, 42) . RNAPII CTD phosphorylation was strongly enhanced by Tat in isolated early elongation complexes, forming an RNAPII complex (called Pol IIo*) that is more highly phosphorylated than that observed at cellular promoters (26, 39) . Thus, if CDK9 is present in stoichiometric amounts in preinitiation complexes, it is either inactive or the CTD may not be accessible for phosphorylation until P-TEFb associates with TAR RNA. In addition to recruiting P-TEFb, Tat can enhance CTD phosphorylation by CDK9 complexes in vitro (27, 43) . Tat reportedly also enhances CDK7 kinase activity (8, 19, 39) , although the mechanism is unknown, and CDK7 is not required for Tat transactivation in vitro (7) . At later stages in elongation, Tat associates directly with RNAPII rather than TAR RNA (31) , indicating that the Tat-P-TEFb-TAR complex is disrupted during transcription.
We have previously shown that binding of Tat to CycT1 dramatically alters the affinity and specificity of TAR RNA recognition and that Tat recognizes a region of CycT1 that is dispensable for general P-TEFb activity in the cell (17, 18, 52) . We investigate here the ability of HIV-1 Tat to regulate CTD phosphorylation by P-TEFb and report the unexpected observation that P-TEFb phosphorylation plays an essential role in regulating the binding of Tat-P-TEFb complexes to TAR RNA.
MATERIALS AND METHODS
Protein purification. Recombinant CDK9 (FLAG epitope tagged) was expressed and purified from baculovirus-infected Sf9 cells as described previously (18) . Bacterially expressed glutathione S-transferase (GST)-Tat and GST-CycT1 (aa 1 to 303) [CycT1(1-303)] were eluted from glutathione-Sepharose beads with thrombin before use. The GST-CTD peptide was expressed in bacteria and was purified as described previously (41) before use in the in vitro kinase reactions. The His 6 -tagged Spt5 (50) was expressed in bacteria and was purified by conventional chromatography as follows. The crude protein lysate was precipitated with ammonium sulfate (0.33 g/ml of lysate), and the resuspended pellet was loaded on MonoQ resin in buffer A (50 mM HEPES, pH 8.2; 100 mM KCl; 10% glycerol; 1 mM dithiothreitol [DTT]). A gradient from 280 to 500 mM KCl was found to elute Spt5 protein, with the peak at 400 mM KCl. Core RNAPII was isolated from calf thymus and purified by immunoaffinity chromatography using anti-CTD monoclonal antibody 8WG16 as described elsewhere (5, 46, 47) . For experiments with the mutant CDK9 proteins (see Fig. 7 ), the indicated CDK9 mutant was coexpressed in baculovirus with FLAG-tagged CycT1(1-303), and the complex was purified by FLAG affinity chromatography, as was the fulllength CycT1(1-728)-CDK9 complex.
In vitro kinase reactions. In vitro kinase reactions (16 l) using GST-CTD as the substrate were carried out in binding buffer (30 mM Tris-HCl, pH 7.5; 10% glycerol; 3 mM DTT; 5.4 mM MgCl 2 ) containing 13 mM KCl, 60 M ATP, and 10 Ci of [␥-32 P]ATP for 60 min at 30°C. Where indicated, 50 ng of TAR RNA and 300 ng of poly(rI-rC) were added to each reaction. GST-cleaved CycT1, FLAG-tagged CDK9, GST-cleaved Tat, GST-CTD, and His-tagged Spt5 were used in the amounts described in the figure legends. In vitro kinase reactions containing core RNAPII were identical to those described which contained GST-CTD as a substrate except that these reactions contained 110 mM KCl, 1 g of poly(rI-rC), and 24 ng of TAR RNA and were incubated for 15 min at 30°C. Standard in vitro kinase reactions were as described previously (18) .
CDK9 autophosphorylation reactions and phosphotryptic peptide mapping. CDK9 autophosphorylation was carried out in an 11.5-l reaction mixture containing RNA-binding buffer (RBB) with 135 mM KCl, 120 g of bovine serum albumin (BSA), 20 g of FLAG-tagged CDK9 [which had been prebound to 25 g of CycT1(1-303)], 6 M ATP, and 250 Ci of [␥- 32 P]ATP and then incubated for 15 min at 30°C. The ATP concentration was then increased to 300 M, and the reaction was allowed to continue for an additional 45 min at 30°C. Proteins were precipitated with trichloroacetic acid, separated on a 6% polyacrylamide gel by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), transferred to a polyvinylidene difluoride membrane, and digested with trypsin. Phosphotryptic peptide mapping and phosphoamino acid analysis were carried out as described earlier (48) . The two-dimensional peptide map was carried out in pH 1.9 buffer in the first dimension and in phosphochromatography buffer in the second dimension.
TAR RNA-binding and in vitro transcription experiments. Gel mobility shift experiments (16 l) were carried out in RBB containing 135 mM KCl, 1 g of poly(rI-rC), 15 ng of HIV-1 TAR RNA probe, and HeLa total RNA (600 ng). HIV-1 TAR RNA (nucleotides 1 to 80) was uniformly labeled in vitro using a linearized template and T7 RNA polymerase as described elsewhere (52) . Where indicated, ATP was added to CDK9 prebound to bacterially expressed CycT1(1-303), and HIV Tat and complex formation on TAR RNA was allowed to proceed for 30 min at 30°C. Reaction products were separated on a pre-run 4% Tris-glycine polyacrylamide gel as described previously (52) .
To isolate the phosphorylated CycT1-CDK9 complex, flag-tagged CDK9 (4 g) that had been prebound to GST-CycT1 (3 g) was coupled to glutathioneSepharose beads in 500 l of EBC buffer (50 mM Tris-HCl, pH 8.0; 120 mM NaCl; 0.5% NP-40) containing 5 mM DTT and 40 g of BSA per ml. ATP was added to 200 M, and the complex was incubated for 1 h at 30°C and then washed extensively with EBC buffer containing 500 mM NaCl. The complex was then eluted by thrombin cleavage in TM buffer (50 mM Tris-HCl, pH 8.0; 12.5 mM MgCl 2 ; 20% glycerol) containing 5 mM DTT and 150 mM KCl. Conditions for the in vitro Tat transactivation experiments shown in Fig. 7 have been described previously (52) .
RESULTS
Tat enhances CTD phosphorylation of affinity-purified core RNAPII and GST-CTD by CycT1-CDK9, but not CycH-CDK7, in vitro. Although the predominant role of Tat is to recruit P-TEFb to TAR RNA, published reports indicate that Tat may also regulate CTD kinase activity through an ability to enhance GST-CTD phosphorylation by CycT1-CDK9, as well as by CAK-or CycH-CDK7 (6, 19, 27, 36, 39) . Consistent with this possibility, the extent of RNAPII CTD phosphorylation is stimulated strongly by Tat in isolated transcription elongation complexes in vitro (26) . Consequently, we examined the ability of Tat to stimulate CTD phosphorylation of affinity-purified core RNAPII by recombinant P-TEFb. The 12-subunit core RNAPII was purified by affinity chromatography using an antiserum specific for the CTD (5, 46, 47) and then incubated with baculovirus-expressed CycT1(1-303)-CDK9 in the presence or absence of (GST-cleaved) Tat and TAR RNA, and the extent of RNAPII phosphorylation was then examined by SDS-PAGE and autoradiography. For these experiments, we used a truncated CycT1 protein [CycT1(1-303)], which contains the minimal region shown previously to be both necessary and sufficient for TAR recognition in vitro and Tat transactivation in vivo (18) .
Recombinant CycT1-CDK9 supports efficient CTD hyperphosphorylation under standard kinase reaction conditions (18) ; however, the RNAPII CTD is phosphorylated inefficiently under in vitro transcription reaction conditions (52) . As shown in Fig. 1A , the addition of both HIV-1 Tat (HXB2; 86 aa) and synthetic wild-type TAR RNA (nucleotides [nt] 1 to 80), strongly stimulated phosphorylation of core RNAPII under these conditions. CTD phosphorylation was relatively low in the absence of Tat and TAR (Fig. 1A , compare lanes 1 and 7 or lanes 8 and 13). Tat enhanced CTD phosphorylation to a lesser extent in the absence of TAR RNA (lane 5), although most of the complexes were hypophosphorylated (Pol IIa). Suboptimal stimulation of CDK9 activity was observed in reactions containing a loop mutant TAR RNA (lane 6) or a mutant CycT1 that is unable to bind TAR RNA (lane 4). Although wild-type Tat enhanced RNAPII phosphorylation in the absence of TAR, the Tat activation domain (aa 1 to 48) was unable to stimulate P-TEFb activity (lane 11) and was as inactive as the Tat activation domain mutant (C22G; lane 10), indicating a requirement for the arginine-rich motif (ARM). We conclude that minimal stimulation of CDK9 activity on the RNAPII CTD requires the ARM but not TAR RNA, whereas both are required for optimal RNAPII phosphorylation. Western blots with CTD-specific antisera (Fig. 1B) indicate that Tat enhances RNAPII phosphorylation selectively at position Ser-5 and not at position Ser-2 in the RNAPII CTD heptapeptide repeat (YSPTSPS). We also found that Tat and CycT1-CDK9 can bind simultaneously with purified RNAPII to TAR RNA in gel shift experiments, whereas CycT1(1-303)-CDK9 cannot recognize RNAPII in the absence of Tat and that the Tat-P-TEFb-RNAPII-TAR complex is stable to phosphorylation of the CTD (data not shown).
The observation that Tat can enhance RNAPII phosphorylation in the absence of TAR RNA indicated that it should also stimulate phosphorylation of a GST-CTD substrate, and previous studies suggest that Tat can stimulate GST-CTD phosphorylation by both CycT1-CDK9 and CAK-or CycH-CDK7 in vitro (27) . Although synthetic CTD substrates were less-efficient substrates than core RNAPII, Tat nevertheless strongly enhanced processive phosphorylation of GST-CTD by P-TEFb to generate hyperphosphorylated CTDo ( Fig. 2A , compare lanes 1 and 4). In contrast, Tat did not affect CDK9 autophosphorylation in the CycT1-CDK9 complex. As observed above with affinity-purified core RNAPII, the Tat activation domain (aa 1 to 48) could not stimulate GST-CTD phosphorylation by These results suggested that Tat may tether the P-TEFb complex to the CTD through binding to both CycT1 and the partially phosphorylated CTD substrate. As shown in Fig. 2B , CTD phosphorylation was efficiently blocked when a dominant-negative Tat protein (aa 1 to 48) was preincubated with CycT1-CDK9 complex and not when the wild-type Tat was allowed to bind first to CycT1-CDK9 (lane 4), indicating that Tat must interact with CycT1 in order to stimulate CTD kinase activity. Moreover, CTD phosphorylation was inhibited by wild-type TAR RNA (lane 7) and not by loop mutant TAR RNA (lane 8), indicating that the ARM must be free to bind the CTD, and this was confirmed directly by analysis of point mutations in the ARM (data not shown). Tat was also able to enhance processive phosphorylation of the Spt5 elongation factor ( Fig. 2A and B) , indicating that the interaction may be principally electrostatic.
In contrast, Tat did not enhance GST-CTD phosphorylation by recombinant CycH-CDK7 (Fig. 2C , lanes 9 and 10), a finding consistent with its inability to bind to these CAK subunits. The difference between our results and those reported earlier (8, 27) may arise from the different kinase reaction conditions and substrate purification methods, although we also note that some earlier studies failed to discriminate between phosphorylation and hyperphosphorylation of the CTD, whereas only the latter was regulated by Tat in our experiments. From these studies, we propose that Tat bridges the kinase complex to negatively charged substrates (e.g., CTD or Spt5), through the ARM, and tether the substrate to P-TEFb. In this manner, Tat might promote processive phosphorylation of RNAPII by CycT1-CDK9 after the complex has been released from TAR RNA.
Incubation of recombinant CycT1-CDK9 with ATP is essential for binding of the Tat-P-TEFb complex to TAR RNA. The gel mobility shift experiments also revealed an unexpected effect of ATP on the affinity of the Tat-P-TEFb-TAR interaction (Fig. 3A) . As we reported previously, the HXB2 86-aa HIV-1 Tat protein forms a stable complex with CycT1(1-303) and CDK9 on TAR RNA (lane 3). Interestingly, incubation of this complex with ATP dramatically enhanced binding to TAR RNA and also altered the mobility of the complex (lane 4). To assess whether ATP also enhanced binding of P-TEFb complexes containing full-length CycT1, CycT1(1-728) and CDK9 were coexpressed in baculovirus and purified by FLAG affinity chromatography. ATP was found to be even more essential for binding of this Tat-P-TEFb complex to TAR RNA (compare lanes 5 and 6), since no complexes formed on TAR in the absence of ATP. The faster-migrating bands in this complex represent Tat-CycT1(1-728) complexes that have dissociated from CDK9 and, interestingly, these also bound TAR only in the presence of ATP. These results suggest that the C terminus of CycT1 disrupts binding of Tat-P-TEFb to TAR RNA in a manner that is overcome by incubation with ATP. Thus, Tat-P-TEFb complexes containing either the truncated or fulllength CycT1 require ATP for high-affinity binding to TAR RNA.
Incubation of these P-TEFb complexes with [␥-32 P]ATP revealed that full-length CycT1(1-728) and CDK9 are both strongly phosphorylated within the complex. The truncated CycT1 (1-303) protein was not phosphorylated, indicating that the predominant CycT1 phosphorylation sites lie in the C-terminal half of the protein (aa 303 to 728). Tat could also be phosphorylated in vitro by P-TEFb (data not shown). To assess whether ATP affected protein-protein interactions within the Tat-P-TEFb complex, Tat was passed over resins containing either unphosphorylated or autophosphorylated GST-CycT1 (1-303)-CDK9 complexes, under stringent binding conditions defined previously (18) . As shown in Fig. 4C , Tat bound equivalently to phosphorylated and unphosphorylated CycT1(1-303)-CDK9 complexes, indicating that phosphorylation does not affect protein-protein interactions but rather selectively alters binding to TAR RNA. Binding of Tat-P-TEFb to TAR RNA requires P-TEFb autophosphorylation. We next asked whether P-TEFb autophosphorylation is responsible for the effect of ATP on binding to TAR RNA. As shown above, the full-length but not the truncated CycT1 protein is phosphorylated by CDK9, whereas ATP enhances binding to the TAR of both P-TEFb complexes. Consequently, we chose to focus on the complex containing the truncated CycT1 protein, which is not phosphorylated by CDK9. As shown in Fig. 4A , Tat forms a complex with CycT1 (1-303) (lane 2), as well as with CycT1(1-303)-CDK9 (lane 3), and both the affinity and the mobility of this latter complex was enhanced upon incubation with ATP (compare lanes 3 and 5). In contrast, ATP had no effect on the RNA-binding activity of the Tat-CycT1 complex formed in the absence of CDK9 (compare lanes 2 and 4).
A similar result was obtained in experiments with the SF2 101-aa HIV-1 Tat protein, which contains the entire second exon of HIV-1 Tat and represents the form of Tat found in most viral isolates in vivo. As shown in Fig. 4A , the 101-aa HIV-1 Tat binds only very weakly to TAR RNA even in the presence of CycT1(1-303) and CDK9 (lanes 6 and 7), and binding is enhanced dramatically in the presence of ATP (lane 9). Even more striking were the results obtained with the 130-aa HIV-2 Tat protein, which is a potent activator through the HIV-2 TAR RNA element but activates transcription only weakly through HIV-1 TAR RNA. Interestingly, HIV-2 Tat formed a stable complex with CycT1 on HIV-1 TAR RNA (lane 10) that did not differ significantly from that of HIV-1 Tat on HIV-1 TAR (lane 9); however, the complex with HIV-2 Tat, unlike that of HIV-1 Tat, was strongly inhibited in the presence of CDK9 (lane 11). Binding of the HIV-2 Tat-PTEFb complex to the HIV-1 TAR RNA probe was partially restored upon incubation of the complex with ATP (lane 13) but, importantly, the resulting complex bound HIV-1 TAR RNA more weakly than it did HIV-1 Tat-P-TEFb, a finding consistent with its reduced transactivation potential through HIV-1 TAR RNA. These results provide strong evidence that P-TEFb autophosphorylation is critical for high-affinity binding of wild-type Tat to TAR RNA.
Next, we examined the TAR RNA-binding activity of a Tat-P-TEFb complex containing a catalytically inactive CDK9 mutant (D167N). The D167N CDK9 mutant bound TAR RNA weakly and in an ATP-independent manner in the presence of Tat and CycT1 (lanes 15 and 17), indicating that binding of the complex to TAR RNA requires phosphorylation of CDK9. We also observed that enhanced binding to TAR RNA was supported by ATP or GTP (Fig. 4B) , a finding consistent with the fact that either nucleotide supports CDK9 kinase activity (43), but not by other nucleotides or by the nonhydrolyzable nucleoside analogue, AMP-PNP (Fig. 4B, lane 8) . Taken together, these data indicate that CDK9 autophosphorylation is essential for binding of Tat-P-TEFb to TAR RNA and for Tat transactivation.
The major sites of CDK9 phosphorylation lie within a Cterminal peptide. To assess the sites of CDK9 autophosphorylation, radiolabeled CDK9 was excised from the SDS-PAGE gel and subjected to phosphoamino acid analysis using twodimensional thin-layer chromatography (TLC). As reported previously (43), we found that CDK9 is autophosphorylated at both Ser and Thr residues (Fig. 5A ). Trypsin digestion of phosphorylated CDK9 followed by phosphotryptic peptide mapping revealed that the major sites of phosphorylation are contained within two peptides, P1 and P2 (Fig. 5B) , which both contain labeled Ser and Thr residues (Fig. 5C ). P1 and P2 together represent more than half of the label incorporated into CDK9. Peptides 1 and 2 differ in their charge-to-mass ratios (pH 1.9 dimension) but not in their hydrophobicities (chromatography dimension), and their relative migration positions indicated that both are hydrophilic. Moreover, we noted that peptide P2 could be quantitatively converted to P1 upon extended incubation with high levels of trypsin (data not shown). Peptide P1 was purified by high-pressure liquid chromatography and examined by radioactive sequencing, which revealed phosphorylation at positions 3 and 9 (data not shown). The only tryptic peptide fragment derived from CDK9 that would be consistent with all of these data is a peptide derived from the C terminus of the protein (Fig. 5D) , in a region that is not conserved with other protein kinases such as CDK7 or CDK2. This peptide (KGSQITQQSTNQSR) contains several possible Ser and Thr phosphorylation sites, including potential phospho-acceptor residues at positions 3, 9, and 10 (Ser-347, Ser-353, and Thr-354). This peptide contains the sequence K-X-(phospho)S, which is cleaved inefficiently by trypsin, and consequently P1 and P2 may be nearly identical peptides that differ from each other only in the presence or absence of the N-terminal lysine residue. However, the radioactive sequencing experiment did not exclude possible phosphorylation at the other residues within this peptide (e.g., Thr-350 and Ser-357), and at least two additional peptides were labeled less extensively (Fig. 5B) ; we have not identified these minor sites of CDK9 autophosphorylation. 
VOL. 20, 2000
AUTOPHOSPHORYLATED Tat-P-TEFb BINDS TAR RNAA CDK9 mutant lacking the C terminus is unable to autophosphorylate or modulate the affinity of Tat-P-TEFb for TAR RNA. These findings suggest that the major sites of CDK9 autophosphorylation do not involve the activating T loop of the kinase but rather lie near the C terminus in a region that is not conserved with other cyclin-dependent kinases. To assess this possibility directly, we prepared mutant CDK9 proteins in which all five Ser and Thr residues in the C-terminal peptide were replaced with alanine residues (CDK9-5A), as well as a truncated CDK9 lacking the entire C-terminal tail (CDK9⌬323). The mutant CDK9 proteins were expressed in conjunction with GST-CycT1(1-303) by recombinant baculovirus coinfection of cultured SF9 cells, and protein kinase complexes were isolated following chromatography on glutathione-Sepharose resin. Truncation of CDK9 at position 323, which corresponds to the natural C terminus of CDK2, removes the putative Ser and Thr phospho-acceptor sites but retains the catalytic domain, including the motifs necessary to bind cyclin and ATP. SDS-PAGE analysis revealed that the mutant CDK9 proteins copurified with GST-CycT1 on glutathione-Sepharose beads in near-stoichiometric amounts (data not shown), indicating that both mutant proteins retained the ability to bind to CycT1. As shown in Fig. 6A , both mutant CDK9 proteins were also able to phosphorylate GST-CTD in a Tat-dependent manner, and both mutant CDK9 complexes efficiently phosphorylated CTD substrates under standard kinase assay conditions (data not shown). Importantly, however, CDK9 autophosphorylation was reduced significantly in the CDK9-5A mutant, accompanied by a shift in its migration revealed by SDS-PAGE (Fig. 5A, lanes 3 and 4) , and autophosphorylation was eliminated entirely with the truncated kinase (CDK9⌬323, lanes 5 and 6). We conclude that the major sites of CDK9 autophosphorylation lie within the Cterminal tail, in a region that is not essential for binding to CycT1 or for phosphorylation of heterologous substrates.
To test whether CDK9 autophosphorylation at the C terminus is responsible for the ATP-enhanced binding of Tat-PTEFb to TAR RNA, the mutant CDK9 P-TEFb complexes were tested for their ability to bind to Tat and TAR in RNA mobility shift experiments (Fig. 6B) . The Tat-P-TEFb complex containing CDK9-5A bound TAR RNA much more weakly than the complex containing wild-type CDK9 (Fig. 6B, compare lanes 3 and 6) , and the effect of ATP on binding to TAR RNA was abolished completely with the complex containing the truncated CDK9 (Fig. 6B , compare lanes 9 and 10 with lanes 12 and 13). The affinity of the Tat-P-TEFb complex with truncated CDK9 approximated that of Tat 19 and 20) . These results suggest that the CDK9 C terminus contributes to the inhibition of binding of HIV-2 Tat-CycT1 to TAR RNA and that the inhibition is partially reversed upon autophosphorylation. Taken together, these data provide strong evidence that autophosphorylation of the C terminus of CDK9 is responsible for the ATP-enhanced binding of the Tat-CycT1(1-303)-CDK9 complex to TAR RNA.
Phosphorylation of CDK9-D167N by PKA or replacement of S/T residues with negatively charged amino acids enhances binding to TAR RNA. Inspection of the sequence of the C terminus of CDK9 revealed that residue S347 also lies within a consensus site (RRKGSQ) for phosphorylation by protein kinase A (PKA). The catalytically inactive CDK9 mu- tant (D167N) was efficiently phosphorylated by PKA in vitro, and substitution of the five Ser or Thr sites within the P1 peptide with Ala residues blocked PKA phosphorylation as expected (data not shown). Because neither CycT1(1-303) nor Tat possesses PKA phosphorylation sites, it was possible to ask whether phosphorylation at S347 alone could modulate binding to TAR. We observed that PKA phosphorylation facilitated the binding of Tat-CycT1(1-303)-CDK9D167N to TAR, albeit less efficiently than did CDK9 autophosphorylation (Fig.  7A, compare lanes 2 and 5) , indicating that S347 contributes to TAR RNA recognition. Because PKA phosphorylation occurs only on a single site, the mobility of the Tat-P-TEFb complex did not change significantly upon phosphorylation. These results also demonstrate that phosphorylation by endogenous VOL. 20, 2000 AUTOPHOSPHORYLATED Tat-P-TEFb BINDS TAR RNACDK9 or other kinases may enhance the TAR RNA-binding potential of P-TEFb complexes containing a catalytically inactive CDK9 subunit.
To assess the ability of negatively charged residues to compensate for CDK9 autophosphorylation, a series of substitution mutants were generated to replace individual Ser or Thr phosphorylation sites with glutamate residues. P-TEFb complexes containing CycT1(1-303) and the mutant CDK9 proteins were analyzed for the ability to support binding to TAR RNA in the presence of Tat (Fig. 7A) . Interestingly, replacing the five Ser or Thr residues in the tail of the catalytically inactive CDK9 protein with glutamate residues restored binding to levels greater than that seen with wild-type CDK9 (D167N-5E, lane 9), whereas substitution of four Ser or Thr residues at a different position in the tail had no effect (D167N-4E, lane 10). Adding additional negative charges to the tail of CDK9 protein did not further enhance binding to TAR RNA (D167N-9E, lane 12) . We also tested whether two arginine residues (R343 and R344) in the tail of CDK9 might contribute to binding to TAR RNA. As shown in Fig. 7A , substitution of these residues with alanine did not lower the affinity of the complex for TAR RNA (lane 13), indicating that these arginines do not contribute to TAR binding. A catalytically active CDK9 protein bearing the 9E substitution (lane 12) was not altered in its ability to function as a CTD kinase (data not shown), indicating that the predominant sites of CDK9 autophosphorylation are not important for CTD kinase activity.
Finally, we also asked whether the enhanced RNA-binding activity of the D167N-5E mutant altered its ability to function as a dominant-negative inhibitor of Tat transactivation in vitro. As shown in 4 and 6) , and an equivalent complex containing the D167N-5E mutant was a significantly more effective inhibitor at the same concentration (compare lanes 6 and 8). The D167N-5E mutant was also modestly but reproducibly better than D167N in its ability to block HIV-1 Tat activity in transient-expression assays in HeLa and 293 cells (data not shown). The extent to which the 5E substitution can enhance the dominant-negative potential of D167N may vary in other cells depending on the level of endogenous kinase activities. Together, these results indicate that P-TEFb phosphorylation is critical for TAR RNA recognition by Tat-PTEFb complexes and that phosphorylation of the C terminus of CDK9 is an important event in this process.
DISCUSSION
We have shown previously that the CycT1 subunit of PTEFb interacts directly with HIV-1 Tat and mediates loopspecific binding of the Tat-P-TEFb complex to TAR RNA (18, 52) . The data presented here indicate that high-affinity binding of the Tat-P-TEFb complex to TAR RNA requires prior phosphorylation of P-TEFb, which may occur by autophosphorylation or through the action of other cellular kinases. In addition, our findings indicate that Tat enhances CTD phosphorylation at Ser-5 in the heptapeptide repeat and may stimulate processive phosphorylation of the RNAPII CTD after release of the Tat-P-TEFb complex from TAR RNA. These results have important implications for the regulation of Tat transactivation in HIV-infected cells, as discussed below.
The conclusion that P-TEFb phosphorylation is essential for binding of Tat-P-TEFb complex to TAR RNA is supported by several independent lines of evidence. First, we show that Tat-P-TEFb complexes containing the full-length CycT1 protein (aa 1 to 728) fail to form a stable complex with TAR RNA in the absence of ATP, and ATP also strongly enhances the binding of Tat-P-TEFb complexes containing the CycT1 cyclin domain (aa 1 to 303). Enhanced binding to TAR required catalytically active CDK9 and a hydrolyzable ATP substrate and was accompanied by phosphorylation of CDK9 and fulllength CycT1. Second, multiple Ser or Thr phosphorylation sites were mapped at the C terminus of CDK9, and truncation of this region of CDK9 destroyed autophosphorylation and eliminated ATP-dependent binding to TAR, without affecting CDK9 CTD kinase activity. Third, we showed that the effects of CDK9 autophosphorylation can be reproduced by PKA phosphorylation of the C terminus of the catalytically inactive CDK9 mutant or by substituting five potential Ser or Thr phosphorylation sites with negatively charged amino acids. Finally, we showed that different Tat proteins vary significantly in their ability to form a stable complex with CycT1 on TAR RNA, yet each binds TAR RNA with high affinity when incubated with autophosphorylated CycT1-CDK9. Moreover, unphosphorylated CDK9 blocked binding of HIV-2 Tat protein to TAR, whereas the TAR RNA-binding properties of HIV-2 Tat complexes with autophosphorylated P-TEFb correlate precisely with HIV-2 Tat transactivation efficiency.
A hypothetical model of the Tat-P-TEFb complex, shown in Fig. 8 , builds on the backbone of the previously reported CycA-CDK2 cocrystal structure (28, 44) . Tat interacts with the cyclin domain of CycT1, forming a zinc-dependent complex with residues in the Tat-TAR recognition motif (TRM) of CycT1 that may contact the loop of TAR RNA directly. We find that unphosphorylated CDK9 strongly interferes with binding of the HIV-2 Tat to TAR (left panel) and, similarly, that the C-terminal half of CycT1 in the native complex masks binding of Tat to TAR in the absence of ATP. Nevertheless, Tat-P-TEFb complexes that contain either truncated or fulllength CycT1 are induced upon P-TEFb autophosphorylation to bind avidly to TAR RNA. Phosphorylation of the C-terminal tail of CDK9 may alter the conformation of the complex to allow Tat and CycT1 to form the necessary contacts with TAR RNA (Fig. 8, right panel) and could potentially facilitate nonspecific contacts with the backbone. Although no specific residues in the stem of TAR RNA are required for Tat transactivation, the lower stem of TAR RNA is required for optimal Tat transactivation and HIV-1 replication in vivo (49) .
Our data indicate that phosphorylation or modification of the tail of CDK9 is sufficient to allow high-affinity binding of Tat-P-TEFb complexes that contain the minimal functional form of CycT1 (e.g., aa 1 to 303). However, it is possible that additional phosphorylation events are required to stabilize the binding of Tat complexes with native P-TEFb, since the Cterminal half of CycT1 that masks binding of the complex to TAR becomes strongly phosphorylated by CDK9 in the complex. Efforts are under way to examine whether phosphorylation of CycT1, and potentially Tat as well, also affects the TAR RNA-binding activity of the Tat-P-TEFb complex. It will be interesting to learn whether the extent of CDK9 autophosphorylation is regulated in cells by the level of functional CycT1 and CDK inhibitors. The observation that PKA can partially compensate for CDK9 autophosphorylation raises the possibility that other protein kinases may also modulate the activity of the Tat-P-TEFb complex.
Our findings also have important implications for efforts to reconstitute Tat transactivation in various organisms and for the design of dominant-negative CDK9 proteins that block Tat transactivation in vivo. We and others have shown that Tat can activate transcription through TAR RNA in rodent cells that express human CycT1 or a murine CycT1 protein containing a Y261C point mutation (1, 45) . Consequently, murine CDK9 is able to complex with human CycT1 to support Tat transactivation in NIH 3T3 cells. However, the C terminus of CDK9 is not as highly conserved among possible CDK9 homologues in Drosophila melanogaster and yeast, and therefore expression of Tat and CycT1 alone may be insufficient to support TARdependent transactivation in these organisms. Concerning dominant-negative inhibitors of Tat (35) , our data indicate that the effectiveness of the catalytically inactive CDK9-D167N protein as an inhibitor of HIV-1 Tat may be affected by its ability to be phosphorylated by endogenous P-TEFb and other kinases.
Binding to TAR RNA could serve to position the P-TEFb complex adjacent to the RNA exit channel, which is implicated from structural studies to lie near the RNAPII CTD (10) . We show here that Tat can promote phosphorylation of the CTD by CycT1-CDK9 through binding to the phosphorylated substrate via the arginine-rich motif and bridging of the P-TEFb complex to its substrate. In this respect, it is interesting that TAR-dependent transcription by Tat in nuclear extracts is accompanied by the formation of a very highly modified RNAPII transcription complex (called Pol IIo*) and that Tat is found associated with RNAPII, rather than TAR RNA, in transcription complexes at late stages of elongation (26, 31, 32) . The mechanism that releases the Tat-P-TEFb complex from TAR RNA is unknown, although our data raise the possibility that binding to TAR RNA could potentially be reversed by specific protein phosphatases, depending upon whether the modified residues remain accessible in the bound complex. Recent studies indicate that acetylation of arginine residues in the Tat ARM by the transcriptional coactivator p300 enhances Tat transactivation (33, 37) , and thus it is possible that other protein modifications also contribute to the stability of the Tat-P-TEFb complex on TAR RNA.
We conclude that P-TEFb autophosphorylation is critical for binding of Tat-P-TEFb to TAR RNA and that the state of CDK9 phosphorylation could therefore regulate Tat transactivation in vivo. Because CDK9 autophosphorylation does not appear to be required for phosphorylation of heterologous substrates, it may be possible to prevent autophosphorylation and Tat transactivation without affecting cellular P-TEFb function. The identification of additional enzymatic activities or phosphorylation steps that modulate the stability of the Tat-P-TEFb-TAR interaction could therefore provide new targets to block Tat activity in infected cells.
